known to mediate stress responses and is activated by heat shock, ultraviolet (UV) light, the proinflammatory cytokines IL-1 or TNF-␣, or bacterial LPS [6-8]. One consequence of p38 activation in mammalian cells is programmed cell death (PCD). In C. elegans, stress- RNAi pmk-1 worms were also more susceptible to Salnity, we identified both C. elegans and S. enterica facmonella-mediated killing compared to wild-type worms tors that affect the elicitation of Salmonella-induced ( Figure 1B ).
Figure 2. Toll-like Receptors Do Not Act Upstream of the MAPKDependant CED Cell Death Pathway in C. elegans
(A) N2, tol-1, trf-1, or pik-1 young adult animals were exposed to E. coli OP50 or S. enterica SL1344, and cell corpses were counted 24 hr after the initial exposure. Data (mean Ϯ SD) were from two independent experiments, and more than 15 animals were scored at each time point. (B) Immunological detection of active PMK-1 in sek-1, N2, and tol-1 young adult animals. Animals were grown at 20ЊC until young adult and whole-worm lysates were used to detect active PMK-1 by Western blotting using an anti-human p38 antibody from Promega.
ited by Salmonella, C. elegans tol-1, trf-1, and pik-1 deletion mutants were fed on Salmonella, and gonadal cell death was monitored. As shown in Figure 2A , the amount of Salmonella-elicited PCD was not affected by any of these deletion mutants, indicating that TOL-1 is not the C. elegans receptor sensing the stimulatory signal for PMK-1 activation and that the presumptive C. elegans TOLL pathway in general is not required for Salmonella-elicited PCD. These results indicate that a receptor (or receptors) other than TOLL-like receptors is/are acting upstream of the MAPK-dependant CED cell death pathway in C. elegans. Consistent with this hypothesis, wild-type levels of activated PMK-1 were observed in tol-1 mutants ( Figure 2B ). (A) N2, nsy-1, sek-1, or pmk-1 RNAi young adult animals were exelegans caspase CED-3, and it has been suggested that posed to E. coli OP50 or S. enterica SL1344, and cell corpses were the Toll-mediated pathway of caspase activation is the counted 24 hr after the initial exposure, as previously described evolutionary ancestor of the death receptor-mediated [31] . Data (mean Ϯ SD) were from two independent experiments, and more than 15 animals were scored in each case. Although the results described above as well as the data published by Pujol et al. [14] suggest that the C. elegans Toll-like signal transduction pathway is not involved in the recognition of bacterial PAMPs such as LPS, it seems likely that C. elegans is nevertheless responding to Salmonella-encoded signals in the activation of gonadal PCD. To identify putative Salmonellaencoded PAMPs, we screened a set of 15 S. enterica TnphoA transposon insertion mutants that exhibited reduced killing of C. elegans (see the Experimental Procedures) for ones that also failed to elicit PCD. The rationale for this experiment was based on our previous observation that a S. enterica mutant in the PhoP/PhoQ regulatory system that is highly attenuated in virulence also failed to induce PCD as well as establish a persistent infection in the C. elegans intestine [3] . Mutations in the S. enterica phoP/phoQ genes are known to affect a variety of virulence-related factors, including the synthesis of LPS [16] . By identifying other mutants that exhibited a similar phenotype in the C. elegans model, we hoped to be able to determine which of the many phenotypes of phoP/phoQ mutants were relevant to the induction of gonadal PCD.
Two of the 15 S. enterica mutants that exhibited reduced levels of C. elegans killing, 6D4 and 3H7 ( Figure  3A ), failed to establish a persistent infection in the C. elegans intestine. Figure 3B shows that, as early as 5 hr after a shift from feeding on Salmonella to feeding on E. coli, the 6D4 and 3H7 mutants could not be detected in worms, whereas a TnphoA control insertion in a gene not relevant for pathogenesis persisted and proliferated in the C. elegans intestine for at least 3 days.
Mutant 6D4 tively. Similarly, the failure of the two mutants to kill C.
Also, pmk-1 RNAi young adult animals were exposed to E. coli OP50 elegans was also partially or mostly compensated by Figure 3C shows that, despite the quired to activate the PCD pathway, thereby allowing C. elegans to discriminate between Gram-negative bacfact that mutants 6D4 and 3H7 synthesize lipid A, Salmonella-elicited germline cell death was not elicited in C.
teria in general and Gram-negative pathogens. A similar situation may exist in Drosophila, where it has been elegans feeding on either the 6D4 (gmhA) or 3H7 (rfaL) mutants, whereas the other 13 TnphoA mutants that suggested that a peptidoglycan-recognition protein (PGRP-LC) binds both peptidoglycan and LPS, or coopwere tested all elicited the same level of PCD as wildtype Salmonella. This result suggests that intact LPS is erates with a parallel signaling pathway involving other pattern-recognition receptors that bind LPS directly required for the Salmonella-mediated induction of gonadal cell death. Moreover, the level of gonadal PCD in [25] . Finally, the component of LPS recognized by PAMP receptors in mammals is lipid A, a structure that is intact PMK-1 RNAi worms feeding on the gmhA or rfaL mutants was the same as wild-type worms feeding on E.
in both 6D4 (gmhA) and 3H7 (rfaL) mutants. Thus, our results suggest that C. elegans recognizes modificacoli, suggesting that the basal level of gonadal PCD observed when worms are fed E. coli is not triggered tions in the Salmonella LPS outer core. Interestingly, S. enteritidis 1047, which synthesizes a different LPS outer by bacterial LPS. Consistent with these results, the same basal level of gonadal PCD was also observed in worms core than S. enterica, also elicited PCD to levels comparable to the ones observed in C. elegans infected with fed E. coli deficient in LPS biosynthesis or nonpathogenic Gram-positive bacteria (data not shown).
S. enterica (data not shown).
In conclusion, this work shows that an important feaIt is important to point out that, although 6D4 (gmhA) and 3H7 (rfaL) did not cause a persistent infection, they ture of innate immune signaling pathways, the activation of PCD downstream of a p38 MAPK signaling cascade, nevertheless accumulated to high titers in the intestinal lumen ( Figure 3B ), and these high levels rule out the has been conserved between nematodes and mammals. Thus, this work provides important new insights into the trivial possibility that the 6D4 (gmhA) and 3H7 (rfaL) mutants failed to activate PCD because they failed to evolutionary origins of innate immunity. This work also demonstrates that C. elegans may respond to a compoaccumulate. The failure of the gmhA and rfaL mutants to cause a persistent infection suggests that intact LPS nent of LPS, but whether this component is a highly conserved PAMP remains to be determined. In any case, may be required for Salmonella to adhere to receptors present on C. elegans intestinal cells. Consistent with it appears that C. elegans recognizes a different component of LPS than that recognized by mammalian TLRs. this conclusion, virulence in 6D4 (gmhA) and 3H7 (rfaL) mutants could not be restored by the exogenous appliFinally, the Salmonella LPS signal that activates the C. elegans PCD response apparently functions indepencation of purified S. enterica LPS (data not shown). The virulence of gmhA and rfaL mutants was also tested in dently of a TOLL-like pathway. Although we have not ruled out the possibility that the lipid A component of RNAi pmk-1 worms, and values comparable to the ones observed in wild-type worms were obtained, showing LPS is recognized by the single C. elegans TLR, it seems likely that one of the most prominent features of insect that the avirulent phenotype of the LPS mutants is "epistatic" to the hypersusceptibility phenotype of the RNAi and mammalian innate immunity, the involvement of TLRs in LPS signaling, may not be conserved in nemapmk-1 worms ( Figure 3A ). Figure 3A also shows that, when feeding on E. coli, the life span of RNAi pmk-1 todes. worms was comparable to that of wild-type, showing that the shortened life span of the RNAi pmk-1 worms 
